The cAMP signaling system has been postulated to be involved in embryogenesis of many animal species, however, little is known about its role in embryonic axis formation in vertebrates. In this study, the role of the cAMP signaling pathway in patterning the body plan of the Xenopus embryo was investigated by expressing and activating the exogenous human 5-hydroxytryptamine type 1a receptor (5-HT 1a R) which inhibits adenylyl cyclase through inhibitory G-protein in embryos in a spatially-and temporally-controlled manner. In embryos, ventral, but not dorsal expression and stimulation of this receptor during blastula and gastrula stages induced secondary axes but were lacking anterior structures. At the molecular level, 5-HT 1a R stimulation induced expression of the dorsal mesoderm marker genes, and downregulated expression of the ventral markers but had no effect on expression of the pan mesodermal marker gene in ventral marginal zone explants. In addition, ventral expression and stimulation of the receptor partially restored dorsal axis of UV-irradiated axis de®cient embryo. Finally, the total mass of cAMP differs between dorsal and ventral regions of blastula and gastrula embryos and this is regulated in a temporally-speci®c manner. These results suggest that the cAMP signaling system may be involved in the transduction of ventral signals in patterning early embryos. q
Introduction
The formation of body axis in vertebrates is a complex process involving cell±cell interactions, cell movements, and differential gene expression. In Xenopus, dorsoventral (D/V) polarity of the embryo is initiated soon after fertilization by a cortical rotation that rearranges the cortical cytoplasm with respect to the deep endoplasm. This rotation translocates a maternal determinant to the dorsal±vegetal quadrant, creating a dorsalizing center in the vegetal region opposite the sperm entry point. The dorsalizing center (called the Nieuwkoop center) in turn induces the overlaying equatorial region of the embryo to form the Spemann organizer (reviewed by Harland and Gerhart, 1997) .
The Spemann organizer, which has complex signaling properties and directs morphogenesis and tissue formation that occurs during gastrulation, is the prime responsibility for the elaboration of the axial structure. The biological functions of the Spemann organizer have been the focus of great attention in recent years, and much effort has been placed on identi®cation and characterization of the molecules residing in and secreted from the organizer tissue. Presently, over a dozen of the genes have been identi®ed to be expressed in the organizer region of gastrula stage embryo and their functions have been elucidated (reviewed by Lemaire and Kodjabachian, 1996) . Most of them encode either putative transcription factors or secreted molecules. In Xenopus, it has been shown that secreted proteins such as chordin and noggin are speci®cally expressed in the organizer during gastrulation (Smith and Harland, 1992; Sasai et al., 1994) . Recent evidence suggests that chordin and noggin exert their activity by binding to, and blocking the function of the ventralizing molecule bone morphogenic protein-4 (BMP-4) in the dorsal side of the embryo (Piccolo et al., 1996; Zimmerman et al., 1996) . BMP-4 is expressed during gastrulation in the ventral marginal zone and ectoderm, and has been shown to be critical for the ventral patterning of the embryo (Dale et al., 1992; Nishimatsu et al., 1992; Graff et al., 1994; Hemmatti-Brivanlou and Thomsen, 1995) . Thus, it has been proposed that the formation of the primary body axis in Xenopus embryo is achieved through the action of the opposing dorsalizing and ventralizing signals during gastrulation (reviewed by Graff, 1997; Heasman, 1997; Thomsen, 1997) .
Although considerable knowledge of the intercellular signaling molecules that mediate and modulate axial patterning has been accumulated, the details of intracellular signal transduction pathways employed by these signaling molecules remain largely unknown. Recent evidence has shed light on the involvement of phosphatidylinositol (PI) signal transduction pathway in D/V axis formation and mesoderm induction in vertebrates. Microinjection of lithium, an uncompetitive inhibitor of inositol monophosphatase (Hallcher and Sherman, 1980) , into a ventral vegetal cell (but not dorsal vegetal cell) of the 32-cell Xenopus embryo induces dorsalization by conversion of ventral mesodermal tissue to dorsal mesodermal derivatives (Kao et al., 1986; Busa and Gimlich, 1989 ). This effect is prevented by co-injection of myoinositol, a treatment that prevents PI cycle inhibition due to substrate depletion (Busa and Gimlich, 1989) . In addition, it has been demonstrated that the amounts of the PI cycle-derived second messenger, inositol 1,4,5-trisphospate (IP 3 ), increased during mesoderm induction in normal embryos, and treatment of lithium reversed this increase by inhibiting embryonic inositol monophosphatase (Maslanski et al., 1992) . Although recent ®ndings suggest that the effect of lithium may result from the inhibition of glycogen synthase kinase-3 (Klein and Melton, 1996; Hedgepeth et al., 1997) , these results implicate the involvement of PI signal transduction pathway in normal mesoderm induction and axis determination. The involvement of PI signaling pathway in body axis formation is further suggested by the most recent demonstration that activation of the PI cycle in the dorsal but not the ventral equatorial region of the blastula embryo through an ectopic expression and stimulation of serotonin receptors yielded dorsoanterior-de®cient tadpoles . Furthermore, the inhibition of the IP 3 -Ca 21 signaling system by injection of a function-blocking antibody to the Xenopus IP 3 receptor into the ventral region of early Xenopus embryos induced ectopic dorsal axis formation (Kume et al., 1997) .
Another key intracellular signal transduction pathway is the cAMP signaling system which has been known to control diverse biological phenomena such as metabolic pathways, transcription, differentiation and memory (reviewed by Pilkis et al., 1988; Dumont et al., 1989; Fagnou and Tuchek, 1995; Sassone-Corsi, 1998) . cAMP is made by an adenylyl cyclase, a membrane protein which converts ATP to cAMP and whose activity is regulated by stimulatory and inhibitory G-proteins, G s and G i , respectively. Various cellular factors such as intracellular Ca 21 and Gbg can modulate the activity of an adenylyl cyclase (reviewed by Hanoune et al., 1997) . cAMP activates cAMP dependent protein kinase (PKA) by dissociating its regulatory subunit from the catalytic subunit. The free catalytic subunit then phosphorylates target proteins in cytosol or transcription factors such as CREB and CREM after migrating into the nucleus (reviewed by Fazia et al., 1997) .
Although the cAMP signaling system has been postulated to be involved in multiple steps of embryogenesis of many animal species (Lane and Kalderon, 1993; Jiang and Struhl, 1995; Lepage et al., 1995; Li et al., 1995; Epstein et al., 1996) , its role in the formation of the primary body axis in vertebrates has not been elucidated. In this study, we investigated the role of cAMP signaling system in patterning the body plan of Xenopus embryos. In order to determine the role of the cAMP in patterning the body plan, we attempted to alter intracellular cAMP levels in embryos in a spatiallyand temporally-speci®c manner. One approach to achieve such goals, is through the expression of the heterologous receptor (i.e. which is coupled with adenylyl cyclase), into the spatially-restricted region of the embryo, followed by stimulation of receptors in a temporally-controlled manner. Similar approaches have been successfully utilized to study the function of the PI pathway during mesoderm speci®ca-tion in Xenopus embryos . In this study we focused on the effect of cAMP decrease on the formation of the body axis. We used human 5-HT 1a R for this purpose since this G-protein-coupled receptor inhibits adenylyl cyclase upon 5-HT binding in various cell types including Xenopus oocytes (Noh and Han, 1998) . By expression and activation of this receptor in embryos in a spatially-and temporally-controlled manner, we were able to demonstrate that reduction in the cAMP level in the ventral region leads to the inhibition of ventral speci®cation and the formation of secondary body axis. In addition, we present data which show that the activity of cAMP is regulated differentially in dorsal and ventral regions of the developing embryo. Fig. 1 . Functional expression of 5-HT 1a R in Xenopus embryos. Synthetic mRNAs encoding 5-HT 1a R or truncated 5-HT 1a R (t5-HT 1a R) were injected into the animal pole regions of two blastomeres at 2-cell stage embryos, and animal cap explants of injected or non-injected (CONT) embryos were dissected at stage 8 and treated as follows. Animal cap explants were cultured in 0.33£ MR solution containing 50 mM of FK and 1 mM of IBMX for 30 min. Samples were further cultured for 30 min with (gray bars) or without (white bars) the addition of 1 mM of 5-HT. cAMP content was determined using Amersham's cAMP assay system. Data are presented as the relative ratio of cAMP level of 5-HT-added sample to that of nonadded sample. Data presented are the mean^SEM of two determinants in three independent experiments from different animals.
Results

Functional expression of exogenous 5-HT 1a receptor in blastula embryos
To determine whether the 5-HT 1a R was indeed expressed functionally in embryos, we injected synthetic mRNAs encoding the corresponding receptor cDNA into the each blastomere of 2-cell stage embryos, and measured the cAMP levels following stimulation of receptors at stage 8 with agonist, 5-HT. Since the decrease in cAMP concentration at the sub-basal level is dif®cult to measure, we combined two different approaches. First, we enriched receptor expression in animal pole tissues by injecting mRNAs into the animal pole regions of each blastomere of 2-cell stage embryos, and animal cap tissues at stage 8 were excised for measurement instead of using whole embryos. Second, animal cap explants were treated with forskolin (FK) and IBMX prior to 5-HT treatment to amplify the basal activity of adenylyl cyclase and to inhibit phosphodiesterase activity, respectively. As shown in Fig. 1 , expression and stimulation of 5-HT 1a R for 30 min in animal explants reduced cAMP production. The cAMP production in 5-HT 1a R-stimulated sample was approximately 64^12% (n 3) of the 5-HT non-treated sample. Noninjected control embryos and embryos injected with t5-HT 1a R (deletion of third intracellular loop of 5-HT 1a R; see Section 4 for details) mRNA showed no changes in cAMP level upon 5-HT treatment. Thus, heterologous expression of 5-HT 1a R coupled to adenylyl cyclase is functional in embryos and injection of t5-HT 1a R mRNA has no effect on the activity of adenylyl cyclase.
Stimulation of 5-HT 1a R in ventral (but not dorsal) region of the blastula embryos induced secondary body axis
To examine whether the cAMP signaling pathway participates in patterning the body plan of the Xenopus embryo, we perturbed its normal pathway in embryos in a regionally-speci®c manner through the expression followed by stimulation of human 5-HT 1a R. When 5-HT 1a R were expressed in the ventral region and stimulated with an agonist at stage 7, 8, 10, or 11, the secondary axis-formed embryos were yielded. In contrast, stimulation of dorsally expressed 5-HT 1a R or control nonsense mRNA (prepared from NheI-linearized pGEMHE vector; see Experimental procedures), or t5-HT 1a R mRNA-injected embryos exhibited no obvious abnormality in axis formation ( Fig. 2 ; Table 1 ). p-MPPI, a speci®c antagonist of 5-HT 1a R, significantly reduced the rate of axis duplication elicited by 5-HT 1a R stimulation indicating that activation of ectopically expressed 5-HT 1a R was responsible for this phenotype (Table 1, Exp. II). The rate of secondary axis formation is proportional to the amount of the mRNA injected and the maximum frequency was achieved when 4.6 ng of the receptor mRNA was injected ( To test if the amount of mRNA injected had a non-speci®c toxic effect, the same amount of nonsense mRNA as well as the mRNA of t5-HT 1a R was injected into ventral blastomeres and stimulated with 5-HT at stage 8. In both cases embryos developed normally indicating that the concentration of the 5-HT 1a R mRNA used for injection had no toxic effect ( Fig. 2A,C ; Table 1 , Exp. I).
The frequency of secondary axis formation was the highest when the 5-HT 1a R was stimulated at stage 8 (Table 1 , Exp. I). The secondary axis induced by ventral stimulation of the 5-HT 1a R is usually incomplete with no head structure or much reduced anterior structure (Fig. 2B,D) . Histological examination of the induced secondary axis showed the presence of increased muscle mass and neural structure, but it lacked notochord (Fig. 2F) . 
Stimulation of 5-HT 1a R enhances dorsoanterior index (DAI) and induces the expressions of dorsal marker genes in UV-ventralized embryos
To further verify the effect of 5HT 1a R stimulation on axis duplication, we examined whether expression and stimulation of 5-HT 1a R in embryos would rescue the dorsal structure in embryos that were ventralized by UV irradiation. As shown in Fig. 3 , ventral expression of 5-HT 1a R and following activation of the receptors with 5-HT partially restored dorsal axis of UV-irradiated axis de®cient embryos. The average DAI of 0.33 in UV-ventralized embryos was shifted to 1.53 in 5-HT 1a R-activated embryos. Expression and stimulation of t5-HT 1a R showed no effect on average DAI (Fig. 3A,B) .
In parallel with the enhancement of DAI, 5-HT 1a R stimulation in UV-ventralized embryos induced the expressions of dorsal marker genes, goosecoid, chordin, more strongly than t5-HT 1a R stimulation (Fig. 3C) . These results indicate that cAMP signaling pathway is a component of the mechanisms for ventral speci®cation and inhibition of this pathway in the ventral region leads to the formation of dorsal structure.
2.4. Stimulation of 5-HT 1a R in the ventral region induces the ectopic expression of dorsal mesoderm marker genes but downregulates ventral marker genes To demonstrate the results described above at the molecular level, we analyzed via RT-PCR the expressions of dorsal marker genes, noggin, chordin and siamois, and ventral genes, BMP-4, PV.1, Xvent-2 and Xwnt-8. Noggin, chordin, and siamois are organizer-speci®c genes and expressed in DMZ of gastrulating embryos but not in VMZ. Stimulation of 5-HT 1a R at stage 8 induced the expressions of noggin and chordin, but not siamois in the gastrula (stage 11.5) VMZ explants (Fig. 4A) . In contrast, the expression of ventral-speci®c marker, BMP-4, was signi®cantly reduced in the stage 11.5 VMZs that were stimulated with 5-HT (Fig. 4B,C) . The expressions of Xvent-2 and PV.1 were also reduced but not as greatly as BMP-4 (Fig. 4B,C) . The expression of Xbra, a generic mesoderm marker, has not changed in both DMZ and VMZ explants indicating that the formation of mesoderm has not been affected by the receptor activation (Fig. 4A) . These results suggest that stimulation of 5-HT 1a R selectively inhibits the formation of ventral mesoderm, but a In Exp. I and II, 4-cell stage embryos were injected in either one dorsal or ventral blastomere with 4.6 ng of 5-HR 1a R mRNA or t5-HT 1a R mRNA. In Exp. III, one ventral blastomere of 4-cell stage embryos was injected with the indicated amount of 5-HT 1a R mRNA. Agonist concentration was 1 mM and p-MPPI, a speci®c antagonist of 5-HT 1a R, was used as the concentration of 10 mM. All ligands were treated for 2 h. Other developmental defects include microcephaly, posterior defects and incomplete invagination. enhances dorsal mesoderm formation without affecting that of generic mesoderm.
The establishment of cAMP gradient along dorsoventral axis in blastula embryo
The data presented above suggest that cAMP signaling pathway is an important component for molecular machinery that leads to speci®cation of ventral structure. This implies the possibility that the activity of the cAMP may be regulated differentially in the dorsal and ventral regions of the embryos. To test this hypothesis, we cut embryos at various time points (every hour from stage 6 to stage 12) into two halves, dorsal and ventral halves, and directly measured the total mass of cAMP in each halves. Results shown in Fig. 5A ,C are representative of three independent determinations. Intriguingly, we found that the level of cAMP concentration was higher in dorsal halves than ventral halves throughout stage 8.5 embryos (Fig. 5A ). Strikingly however, this was reversed in embryos at stage 9, in that the level of cAMP becoming higher in ventral halves than dorsal halves. This reversed pattern of cAMP gradient was lasted until stage 12 embryos (Fig. 5A) . The actual cAMP values varied in the three independent experiments from different animals. Nevertheless, the relative change in all cases was identical (Fig. 5B) .
The difference of cAMP content in ventral and dorsal halves is not an artifactual due to an inaccurate separation of the two halves since no signi®cant differences in the amount of cAMP were observed when embryos were cut into left and right halves (Fig. 5C,D) . The differences in the amount of cAMP in left and right halves were in the range of 0.4±0.9 pmol/mg protein, whereas the differences ranged from 2 to 15 pmol/mg protein in dorsal and ventral halves. Interestingly, despite its small degree of differences, the amounts of cAMP in right halves were always higher than that of left halves at any stage investigated. We also exclude the possibility of disturbance of endogenous cAMP content by wounding during dissection because identical results were obtained in samples prepared from frozen embryos at stage 6, 8, 9, 10 and 12 (data not shown). Therefore, we conclude by these results that the activity of cAMP pathway is regulated differentially in dorsal and ventral regions of developing embryo and this dorsal-ventral gradient of cAMP may play a role in patterning embryonic axis.
Discussion
In this study, we investigated the role of cAMP signaling system in patterning of the axial structure in Xenopus embryo. In order to accomplish this goal, we attempted to inhibit adenylyl cyclase in a regionally-speci®c manner through the expression and stimulation of human 5-HT 1a R that is known to be coupled to G i . It has been reported that 5-HT was ®rst detected by HPLC at stages 27±28 embryos of Xenopus (Rowe et al., 1993) and the ®rst signal of X5-HT 1a R, a Xenopus homologue of mammalian 5-HT 1a R, mRNA expression was detected at stage 22 embryo in the rostral part of brain stem (Marracci et al., 1997) . Therefore, the approach to utilizing heterologous 5-HT 1a R expression for this study could eliminate a concern on the possible existence of endogenous receptors and ligand in early embryos.
By inhibiting cAMP pathway in a regionally speci®c manner, we have demonstrated that cAMP signaling pathway has a role in dorsoventral patterning of the Xenopus embryo. When cAMP pathway in the ventral region was inhibited by the expression and simulation of 5-HT 1a R, a secondary axis was often formed. On the contrary, no obvious effect on the dorsoventral axis formation was observed in embryos that had expressed and stimulated 5-HT 1a R in the dorsal region. These results demonstrate that cAMP signal transduction pathway plays an important role in the ventral speci®cation. 5-HT 1a R stimulation in the ventral region induced the ectopic expression of some dorsal markers and suppressed the expression of ventral markers in VMZ explants. Among dorsal markers examined, chordin and noggin were ectopically expressed in VMZ explants whereas siamois was not. Previous studies have demonstrated that siamois induces complete secondary axes with a complete head structure when injected into the ventral region of Xenopus embryos (Lemaire et al., 1995) . Expression of noggin and chordin mRNA, on the other hand, induces incomplete axes (Sasai et al., 1994; Lemaire et al., 1995) . Our observation of the induction of incomplete secondary axis by 5-HT 1a R stimulation as well as the expression patterns of dorsal markers in VMZ explants agrees well with those previous ®ndings. In the case of ventral markers, the reduction of BMP-4 was most signi®cant among ventral markers we tested. PV.1 and Xvent-2, putative downstream molecules of BMP-4 Onichtchouk et al., 1996 Onichtchouk et al., , 1998 , were reduced to a less extent than BMP-4, and Xwnt-8 was least affected. It has been shown that inhibition of BMP signaling leads to the induction of incomplete secondary axes lacking head structure (Suzuki et al., 1994; Ishikawa et al., 1995; Zimmerman et al., 1996) whereas complete secondary axes including a head can be induced in Xenopus embryos by simultaneous inhibition of BMP and Wnt signaling (Glinka et al., 1997) . Thus, the pattern of reductions, signi®cant in BMP-4 and insigni®cant in Xwnt-8 expressions, explains why only incomplete secondary axes are induced by 5-HT 1a R stimulation. In addition, the induction of trunk structures by 5-HT 1a R stimulation agrees with the result of the partial rescue of axial structures in UV-ventralized embryos injected with 5-HT 1a R.
Much care should be taken when interpreting the results obtained by expression and stimulation of exogenous receptors because one receptor can activate several signal transduction pathways. It has been reported that bg subunits of G i activate PLC isoforms b2 and b3 (Camps et al., 1992; Katz et al., 1992) . Since 5-HT 1a R is coupled to G i , one cannot eliminate the possibility that activation of PLCs by bg subunits of G i is responsible for the secondary axisforming activity of 5-HT 1a R stimulation. However, the results presented by which showed that activation of PLC in the ventral region of Xenopus embryo had no effect on axis formation exclude the above possibility. Direct inhibition of adenylyl cyclase may be necessary to strengthen the conclusion that inhibition of the cAMP pathway is responsible for the secondary axis-forming activity of 5-HT 1a R stimulation. Our results showed the importance of the cAMP signal transduction pathway in ventral speci®cation. From these we postulated that the activity of cAMP pathway might be graded along the dorsoventral axis. To test this hypothesis, we measured the cAMP level in both the dorsal and ventral halves of Xenopus embryos. Otte et al. (1989) have shown that intracellular cAMP level linearly correlates to the activity of adenylyl cyclase in Xenopus embryos. Therefore, the direct measurement of cAMP level can serve as an alternative method for the measurement of the activity of the cAMP signaling pathway. The cAMP level was indeed graded between the dorsal and ventral halves with a higher level in the dorsal region up to stage 8.5 and in the ventral region from stage 9±12. It would be important to determine which of the following, the gradient of cAMP level or upregulation of cAMP pathway above certain level in a speci®c region, or both of these is a mode by which cAMP signal transduction pathway acts to pattern embryos.
In summary, we have demonstrated that the cAMP signaling system participates in transducing ventral signals. We have also shown that the activity of cAMP was regulated differentially in dorsal and ventral parts of the developing embryo, suggesting that the cAMP signaling pathway plays a role for patterning the embryonic axis. It remains for future investigation to determine that how the cAMP signaling pathway interact with other signal transduction pathways, such as Wnt, TGF-b, BMP pathways, that contribute to early embryonic patterning of Xenopus laevis.
Experimental procedures
Xenopus embryos, microinjection and explants
Xenopus laevis were purchased from Xenopus I (Ann Arbor, MI). Eggs were obtained from female Xenopus laevis primed with 800 units of human chorionic gonadotropin (Sigma). In vitro fertilization was performed as described (Newport and Kirschner, 1982) and the embryos were cultured in 0.33£ modi®ed Ringer (Godsave et al., 1988) until stage 8 and then transferred to 0.1£ MR. Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop, 1967) . To obtain ventralized embryos, dejellied fertilized eggs were placed on a quartz-bottomed dish and irradiated with ultraviolet light (UV) for 2 min using a transilluminator (Fisher Scienti®c, 312 nm, 100 mW/cm 2 ). Microinjection was performed using a Nanoliter Injector (WPI, Sarasota, FL). Embryos were injected at the 2-or 4-cell stage with 4.6 nl of a solution containing mRNA dissolved in ddH 2 O at 1 mg/ml concentration unless noted otherwise. Marginal zone explants were dissected at stage 10. Dissected explants were cultured in 1£ MR containing 5 mg/ml penicillin, 5 mg/ml streptomycin and 400 mg/ml BSA.
RT-PCR
Total RNA was extracted using TRI Reagent (Molecular Research Center, Inc) from groups of three embryos or ten explants and treated with RNase-free DNase (Ambion) to remove genomic DNAs. One microgram of total RNA was used in reverse transcription. The total reaction volume was 50 ml. After heat inactivation of reverse transcriptase, 2.5 ml was used for PCR. PCR was performed as described (Wilson and Melton, 1994) except that DNA ampli®cation was carried out non-radioactively. PCR products were analyzed on 2% agarose gels with ethidium bromide, and uorescent DNA fragments were digitized and quantitated using a¯uorescent image analyzer FLA-2000 (Fuji Film, Tokyo) . Primers for BMP-4, Xwnt-8, and Xbra were described in Gawantka et al. (1995) . Primers for Xvent-2 (Onichtchouk et al., 1996) , EF-1a , noggin (Kengaku and Okamoto, 1995) , siamois (Brannon and Kimelman, 1996) , chordin and PV.1 (Witta and Sato, 1997) were as previously described.
Histology
Embryos were ®xed in MEMFA (2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde, 0.1 M MOPS (pH 7.4)) and stored in 70% methanol. Fixed embryos were dehydrated, embedded in paraf®n wax, sectioned at 7 mM thickness, and stained with hematoxyline/eosin.
Data analysis and statistics
In Fig. 5 , Student's t-test was used for comparing the level of cAMP in dorsal halves with that of ventral halves. A probability of P , 0:05 was accepted as denoting a signi®cant difference.
